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Various growth factors released during and immediately after exercise may be important for the adaptational response and for the satellite cell response to exercise. Growth factors like IGF-1 in its different splice variants (IGF-1Ea and IGF1Ec, the latter also known as mechanogrowth factor), hepatocyte growth factor (HGF), and basic FGF have been shown in animal and cell studies to be involved at different stages of satellite cell activity (16, 17, 42) . Likewise, it is known from animal and cell studies that nitric oxide (4, 42) and cytokines like IL-6 (35) and TNF-␣ (21) are involved in the regulation of satellite cells. According to animal studies, prostaglandins stimulate satellite cell activity, whereas nonsteroidal anti-inflammatory drugs (NSAIDs) negatively affect satellite cells by inhibiting the cyclooxygenase (COX) enzyme and thus prostaglandin synthesis. Data from animal models support the influence of prostaglandins on skeletal muscle hypertrophy (8, 9, 38) , indicating that satellite cell activation, proliferation, differentiation, and fusion are dependent on the COX pathway. Furthermore, cell culture studies have specifically shown that COX-1 and COX-2 enzymes are important for satellite cell proliferation, differentiation, and fusion (26, 36) and that prostaglandins (PGE 2 and PGF 2␣ ) can stimulate muscle growth and satellite cell activity (18, 30, 37) . The regulation of satellite cell activity in humans is not well understood, and the effects of NSAIDs on skeletal muscle are largely unknown. Many of the above-mentioned factors are likely to be involved in satellite cell activation in humans as well.
To alleviate soreness and to recover faster, many athletes use NSAIDs both during normal training and when faced with injuries. Documentation on the extent of NSAID use among athletes is emerging slowly and suggests a high consumption. Tscholl et al. (40) reported that ϳ50% of male and female World Cup soccer players consumed NSAIDs during World Cup tournaments (40) ; likewise, NSAIDs were used by 33% of the athletes in Atlanta and by 38% of those in Sydney (1). Warner et al. (41) reported that 15% of adolescent high school football players used NSAIDs daily. NSAIDs are also widely used by rheumatic patients to reduce pain and inflammation. It is estimated that a total of 30 million people worldwide use NSAIDs on a daily basis (14a) .
However, the influence of NSAID on muscle satellite cells and adaptation is not fully understood, and NSAIDs may negatively affect the satellite cell response to exercise in humans. Mackey et al. (25) found that after a 36-km run the satellite cell number was increased by 27%, whereas this increase was blunted when NSAIDs were ingested, pointing toward a negative influence of NSAIDs on satellite cell pro-liferation after endurance exercise in humans. Likewise, Trappe et al. (39) showed that the rise in muscle protein synthesis observed 24 h after eccentric exercise in humans was blunted by the ingestion of NSAIDs. Given the critical role that satellite cells play in facilitating hypertrophy and regeneration in adult skeletal muscle, the present study investigated how the satellite cell response to a single bout of eccentric exercise in humans would be affected by NSAID. Furthermore, muscle inflammation is likely to be affected by anti-inflammatory medication, and it was also investigated how the inflammatory response to exercise is influenced by NSAID.
The present study investigated the role of inflammation in satellite cell activity and muscle regeneration and how NSAIDs influence the adaptation of human muscle to unaccustomed eccentric exercise in young healthy adults. Prostaglandin synthesis was blocked only during and after eccentric exercise by a controlled infusion of NSAID via microdialysis catheters (as described in Ref. 27) . In this way, a local blockade was obtained only in one leg, with the other leg serving as a control within the same individual. The advantage of this design is that subjects serve as their own controls, diminishing individual variation. The primary aim of the present study was to investigate the effect of a local NSAID infusion on satellite cells and inflammation and regeneration in vivo in human muscle after unaccustomed eccentric exercise. The hypothesis was that an NSAID infusion before, during, and after exercise (7.5 h in total) affects 1) satellite cell number and activation status and 2) inflammatory cells and regeneration on day 8 after exercise.
MATERIALS AND METHODS

Subjects
Eight healthy male volunteers (means Ϯ SD, age: 23 Ϯ 3 yr, height: 184 Ϯ 5 cm, weight: 81 Ϯ 8 kg, and body mass index: 24 Ϯ 2 kg/m 2 ) performed maximal eccentric contractions with both legs. All subjects were generally well trained (6 h training/wk) but were unaccustomed to high-intensity eccentric exercise and had not performed leg resistance training within the last year. The Ethics Committees of the Municipalities of Copenhagen and Frederiksberg approved this study (KF 01 306773); all procedures conformed to the Declaration of Helsinki, and written informed consent was obtained from all subjects before the study.
Study Design
Pretest day. At least 3 days before the exercise day, maximal voluntary contraction (MVC) and soreness were tested and blood samples were drawn to obtain individual prevalues.
Exercise day. Subjects arrived in the morning, and one microdialysis catheter was positioned in the vastus lateralis muscle for the infusion of the NSAID (see below). The position was standardized based on the length of the thigh to minimize individual differences. A muscle biopsy (prevalue) was then obtained from the contralateral leg. After a minimum 1 h of rest, subjects performed 200 maximal Crameri et al. (13) Max eccentric: 10 ϫ 10 reps at Ϫ30°/s and 11 ϫ 10 reps at Ϫ180°/s
Unaccustomed to high-intensity eccentric exercise and not participating in any regular exercise regimen 4 and 8 days Ͼ100% (4 days) and Ͼ100% (8 days)
Mackey et al. (25)
Endurance: 36-km run Well-trained runners with a peak O2 consumption of 62Ϯ6 ml ⅐ kg Ϫ1 ⅐ min
Ϫ1
days 27%
Dreyer et al. (15) Max eccentric: 6 ϫ 16 reps at Ϫ60°/s Not currently participating in a resistance training program 24 h 141% (young) and 51% (old)
Crameri et al. (14)
Eccentric: 50 one-leg "drop-down" jumps; 8 ϫ 10 reps at Ϫ30°/s and 8 ϫ 10 reps at Ϫ180°/s
Sedentary and unaccustomed to highintensity eccentric exercise and not participating in any regular exercise regimen 2, 4, and 8 days 97% (NS; 2 days), 123% (4 days), and 126% (8 days)
Paulsen et al. (32)
Max eccentric (elbow flexors): 14 ϫ 5 reps at Ϫ30°/s
Physically active but not familiar with max eccentric exercise with elbow flexors 1 h to 7 days (combined) 19%
The exercise type targeted thigh muscles unless otherwise indicated. The subjects' training status was as stated by the authors. The proportion of satellite cells was determined as neural cell adhesion molecule (NCAM)-positive cells as percentage of total myonuclei (increase in exercised samples vs. controls). Biopsies to measure satellite cell proliferation were from the vastus lateralis muscle except for Paulsen et al. (biceps brachii muscle), NS, not significant. eccentric contractions in an isokinetic dynamometer with the quadriceps muscles of each leg (see below). MVC was tested at the end of the exercise. After the exercise, a microdialysis catheter was positioned in the vastus lateralis muscle of the control leg for the infusion of placebo (and this leg served as a working control leg). Subjects rested for another 4.5 h with an infusion of NSAID or placebo, and the microdialysis catheters were then removed. The catheter for the infusion of the placebo was inserted after exercise to minimize the risk of damaging the catheter during exercise.
Eight days after exercise. MVC and soreness were tested, and blood samples were drawn. Muscle biopsies were obtained from the leg with the previous NSAID infusion (NSAID leg) and from the unblocked leg ("no block" leg) at equal distances (1 cm) from where the microdialysis catheters had been placed.
Local NSAID Infusion
The NSAID used was indomethacin, which inhibits both COX-1 and COX-2. Microdialysis catheters were inserted under local anesthesia (1% lidocaine) in parallel to the muscle fibers in the vastus lateralis muscle. Commercially available CMA catheters (CMA 60, CMA/Microdialysis, 20-kDa molecular weight cutoff) were used for the infusion of the unspecific COX inhibitor indomethacin (Confortid, Dumex-Alpharma) to block the local synthesis of prostaglandins as described in detail by Mikkelsen et al. (27) . Indomethacin was dissolved at 50 mg/ml, giving a total infusion of 45 mg of indomethacin during 7.5 h of infusion (50 mg/ml, 2 l/min, 7.5 h).
A catheter was inserted into the contralateral leg for the infusion of placebo (Ringer-acetate solution). The microdialysis catheters were perfused at a rate of 2 l/min with either NSAID solution or Ringeracetate solution. Subjects were randomized to having the NSAID infusion in their right (dominant) or left leg.
Exercise Protocol and MVC
Subjects performed an eccentric exercise protocol that has previously been used in our laboratory (13, 27) . In brief, a total of 200 unilateral maximal isokinetic eccentric contractions [100 at a slow contraction speed (30°/s) and 100 at a fast contraction speed (120°/s)] were performed with the quadriceps femoris muscles of each leg using an isokinetic dynamometer (KinCom KC125AP, Chattanooga Group, Harrison, TN) with a range of motion from 10°to 90°(where 0°ϭ full extension). Subjects were instructed to resist the movement of the dynamometer arm maximally through the full range of motion in every eccentric repetition and then to relax the muscles during the concentric phase of contraction. They received real-time visual feedback on their performance on a computer screen, and they were verbally encouraged during the exercise to ensure maximal effort. It is important to note that both legs performed the exercise and comparisons were made between the blocked (NSAID) and unblocked contralateral leg. Subsequently, the total work performed during the 100 slow and fast eccentric contractions for each leg was calculated by integrating the torque-angle curves of the eccentric phase of each respective contraction. Gravity correction was performed by adding the passive work performed with the weight of the limb during the concentric phases of the cycles to the total eccentric work.
Isometric quadriceps MVC was obtained during static knee extension at a knee joint angle of 70°(where 0°ϭ full knee extension) performed in the isokinetic dynamometer also used for the eccentric exercise. Subsequently, gravity correction was performed by subtracting the passive torque at a 70°knee joint angle from all torque values. Three maximal contractions of 3-4 s were performed separated by rest periods of 1 min (3).
Muscle Soreness
Muscle tenderness was assessed in three ways on both legs before and after the exercise bout; at 0, 0.5, and 24 h and at 2, 3, and 8 days after the exercise bout; by pressing on the vastus lateralis muscle with a blunt probe at a predetermined load (ϳ6 kg); when walking down stairs; and during MVC performed each test day. Subjects visually recorded their perceived pain on a visual analog scale from 1 to 10 (where 1 ϭ no pain and 10 ϭ extremely painful). The blunt probe was placed at a minimum of 3 cm away from any biopsy site to avoid potential pain resulting from the biopsy procedure.
Muscle Biopsies
Muscle biopsies were obtained from the vastus lateralis muscle using the percutaneous needle biopsy technique of Bergström (7) with 5-mm biopsy needles and manual suction. From each subject, one prevalue biopsy and two 8 days after exercise biopsies were obtained. Biopsies were obtained next to the microdialysis catheters at positions corresponding to "no block" (control leg) and "most block" (NSAID; next to the NSAID infusion) (27) . The incision for the muscle biopsies was made in the skin 1 cm from the position of the microdialysis catheter. On extraction, the muscle specimen was aligned, embedded in OCT compound (Tissue-Tek, Sakura Finetek Europe, Zoeterwoude, The Netherlands) and frozen by immersion in isopentane precooled by liquid nitrogen. Samples were stored at Ϫ80°C pending analyses. Serial transverse sections (7 m) were cut at Ϫ25°C using a cryostat and mounted on SuperFrost Plus slides (Menzel-Gläser, Braunschweig, Germany). All slides were coded at this point to enable the analyses being carried out in a blinded manner.
Immunohistochemistry
Staining protocols. Antigens of interest were visualized by immunofluorescense or an enzyme color reaction. The general staining protocols are described below, and details of the antibodies are provided in Table 2 .
Satellite cells in the active phases of the cell cycle were identified by immunofluorescent double staining with antibodies against neural cell adhesion molecule (NCAM) and Ki67 as described by Mackey et al. (24) . Briefly, after fixation, sections were incubated overnight with an antibody against NCAM (1:50) to identify satellite cells followed by Alexa fluor 568 secondary antibody (1:200). The Ki67 antibody was subsequently applied to the same section to identify active cells. Alexa fluor 488 secondary antibody (1:200) was used to visualize the Ki67 antibody binding. 4Ј,6-Diamidino-2-phenylindole (DAPI) in the mounting medium (ProLong Gold Antifade reagent with DAPI, catalog no. P36931, Molecular Probes) stained the nuclei, resulting in red NCAM staining, green Ki67 staining, and blue nuclei.
Satellite cells were also identified by an antibody against Pax7. Briefly, sections were fixed in Histofix (Histolab, Gothenburg, Sweden) followed by 1 h in blocking buffer (0.01% TritonX, 1% BSA, and 1% skimmed milk). Two primary antibodies (Pax7 and laminin) were mixed in blocking buffer and applied to sections overnight. The next day, a biotinylated secondary antibody for Pax7 was applied followed by the Vector Elite ABC kit (PK-6100) and VIP substrate kit (SK-4600, Vector Laboratories, Burlingame, CA). Alexa fluor 488 secondary antibody (1:100) was used to visualize laminin antibody binding. After ethanol dehydration, sections were mounted in Pertex (Histolab, Gothenburg, Sweden).
The immunofluorescense protocol used for double stainings with antibodies against laminin and CD68 as well as CD16 and desmin involved the fixation of sections in Histofix (Histolab) followed by an incubation with two primary antibodies (diluted in 1% BSA) overnight at 4°C. The next day, sections were incubated with two fluorescent secondary antibodies (1:200) for 45 min and mounted with Prolong Gold Antifade reagent with DAPI. The result was red CD16 or CD68 staining, green staining of the basal lamina, and blue nuclei.
The enzyme color reaction used for embryonic myosin heavy chain (eMHC) involved a standard indirect staining procedure. Sections were incubated with the primary antibody overnight. The next day, biotinylated secondary antibody was applied followed by the Vector Elite ABC kit, 3,3Ј-diaminobenzidine substrate, and hematoxylin (60 s) to stain the nuclei. Sections were mounted in Aquamount (Merck, Darmstadt, Germany).
Quantification. The number of satellite cells was quantified as the total number of NCAM ϩ cells on a biopsy cross-section. This is expressed per number of muscle fibers and as a percentage of total myonuclei [NCAM ϩ cells/(myonuclei ϩ NCAM ϩ cells) ϫ 100]. Myonuclei were counted from a minimum of 70 fibers. As another identification of satellite cells, Pax7 ϩ cells were quantified in the same way. Satellite cell countings were carried out on a mean of 402 fibers (range: 159 -881 fibers) at ϫ40 magnification using a microscope (Olympus BX51). Cells were identified as satellite cells only if they also had a visible nucleus.
To quantify satellite cells in active phases of the cell cycle, the total number of cells that were positive for both NCAM and Ki67 was counted. Numbers of NCAM ϩ and Ki67 ϩ cells are expressed relative to the fiber number and as a proportion of satellite cells. The active proportion of satellite cells is the number of NCAM ϩ and Ki67 ϩ cells relative to the total number of NCAM ϩ cells, i.e., [(no. of NCAM ϩ -Ki67 ϩ cells/total no. of NCAM ϩ cells) ϫ 100] (24). The total number of Ki67 ϩ cells in the biopsies was also quantified (cells that were either positive or negative for NCAM and situated inside or outside the basal lamina) and expressed relative to fiber number.
Macrophages (and possibly other inflammatory cells) were visualized by immunofluorescent staining using a CD68 antibody double stained with laminin to visualize the basal lamina. CD68 ϩ cells were mostly found outside the basal lamina. Fibers with infiltration of CD68 ϩ cells into the myofibers were identified. The total number of CD68 ϩ cells (associated with muscle fibers) was counted from images acquired at ϫ10 magnification using an Olympus DP71 camera with a fixed exposure time, analyzed using Cell F software, and expressed relative to fiber number. Neutrophils and other inflammatory cells were visualized by immunofluorescent staining using a CD16 antibody double stained with laminin. CD16 ϩ cells were mostly found outside the basal lamina. Cells that were CD16 ϩ and had a visible nucleus (DAPI) were identified using the microscope at ϫ40 magnification and were counted as positive. The number of CD16 ϩ cells was expressed relative to fiber number.
The presence of desmin-negative fibers was evaluated in all muscle biopsies to assess myofiber damage.
Fibers positive for eMHC were identified, and, from the same sections, the number of fibers with one or more central nuclei was counted and expressed as a percentage of fibers.
Statistics
Results are presented as mean values Ϯ SE. Repeated-measures analyses were performed since each subject provided samples at different time points and from both legs. Statistical analyses were performed using GraphPad Prism4 for Windows (version 4.01, GraphPad Software). Statistical significance was accepted at the P Ͻ 0.05 level. For the immunohistochemistry data, the overall difference between treatments was ascertained using a nonparametric repeatedmeasures Friedman test of overall difference between treatments. Dunn's multiple-comparison test was used to determine which treatments differed. On force data, parametric ANOVAs with repeated measures were performed using SAS 9.1 for Windows (SAS Institute, Cary, NC). Post hoc tests were adjusted for multiple comparisons by Tukey-Kramer.
RESULTS
Eccentric Exercise
Work. The total work performed in the dynamometer with each leg was not significantly different between the unblocked leg and NSAID leg. At the fast (120°/s) eccentric contraction speed, the total work of the 100 repetitions was 12.9 Ϯ 1.3 and 13.3 Ϯ 1.5 kJ [not significant (NS)], and at the slow (30°/s) eccentric contraction speed, the total work of the 100 repetitions was 13.1 Ϯ 2.4 and 12.9 Ϯ 2.1 kJ (NS) for the unblocked leg and NSAID leg, respectively.
Contraction intensity. The maximal force produced during each set of eccentric contractions declined gradually during the 10 sets. In sets 2, 5, and 10, maximal force was 328, 305, and 287 N/m in the unblocked leg and 315, 308, and 281 N/m in the NSAID leg, respectively. 
Maximal Isometric Muscle Strength
MVC of the quadriceps muscle was measured isometrically at 70°of knee flexion. Isometric MVC was reduced from the prevalue (317 and 314 N/m in the unblocked leg and NSAID leg, respectively) to immediately after exercise (234 and 228 N/m, P ϭ 0.0002) by 26% and 27% in the unblocked leg and NSAID leg, respectively, and was not significantly different from the prevalue on day 8 after exercise (319 and 298 N/m). For isometric MVC, there was a significant main effect of time (P Ͻ 0.001), with no significant effect of leg (no block or NSAID). Furthermore, there was no significant interaction effect of leg by time. Thus, the change in MVC over time was not significantly different between the unblocked leg and NSAID leg.
Soreness
Muscle soreness during MVC did not change at any of the time points measured (Fig. 1A) . Soreness when pressing on the vastus lateralis muscle with a probe (Fig. 1B) was significantly increased at 24 h and 2 days after exercise compared with before exercise and returned to the prelevel on day 8. This was true for both legs, and there was no difference between the unblocked leg and NSAID leg. Likewise, thigh muscle soreness in both legs combined when walking down stairs (Fig. 1C) was increased from immediately after exercise until day 3 after exercise (compared with the prelevel) and was back at the prelevel on day 8 after exercise.
Satellite Cells
Pax7. Satellite cells were identified with the use of an antibody against Pax7, as shown in Fig. 2 , and was expressed as numbers of Pax7 ϩ cells per total myonuclei (in %). There was an overall significant difference between treatments (P ϭ 0.02), and 8 days after exercise, the number of Pax7 ϩ cells was significantly higher in the unblocked leg compared with the NSAID leg (P Ͻ 0.05).
Satellite cell counts are shown in Table 3 . Pax7 ϩ cells expressed per myofiber were borderline significant between groups (P ϭ 0.05). The number of Pax7 ϩ cells was increased by 96% on day 8 after exercise compared with the prevalue (P Ͻ 0.05), and at that point there was a trend toward a higher number in the unblocked leg compared with the NSAID leg (P ϭ 0.06).
NCAM. Another way of identifying satellite cells is with the use of an antibody against NCAM. As shown in Table 3 , an overall difference between treatments in the number of NCAM ϩ cells per fiber was observed (P ϭ 0.04). Eight days after exercise, the number of NCAM ϩ cells was higher in the unblocked leg than in the NSAID leg (P Ͻ 0.05). However, there was no significant change from before to 8 days after exercise in either of the legs. When the number of NCAM ϩ cells was expressed relative to myonuclear number (Table 3) rather than per fiber, exactly the same pattern was found. The number of myonuclei per fiber did not change during the experimental period (Table 3) .
Satellite cell activation status. Satellite cells in the active phases of the cell cycle were identified by double staining with antibodies against NCAM and Ki67. Examples of stainings are shown in Fig. 3 . The number of NCAM ϩ and Ki67 ϩ cells was very low, and, in almost half of the muscle biopsies, no activated satellite cells (NCAM ϩ and Ki67 ϩ ) were found. The maximum number of NCAM ϩ -Ki67 ϩ cells found in one biopsy was four. In Table 3 , NCAM ϩ and Ki67 ϩ cells are expressed relative to fiber number and as a proportion of NCAM ϩ cells. There were no significant changes in satellite cell activation status at the time points sampled.
The total number of Ki67 ϩ cells (including cells positive and negative for NCAM) was also very low, with no difference between legs and no increase after exercise (Table 3) .
Damage, Inflammation, and Regeneration
Circulating creatine kinase. Plasma creatine kinase was significantly increased by 568 Ϯ 154% (P ϭ 0.02) at 24 h after exercise (962 Ϯ 413 U/l) compared with the prelevel (156 Ϯ 28 U/l) and was elevated, but no longer significantly, on day 8 after exercise (886 Ϯ 508 U/l).
Desmin. No desmin-negative fibers were found in any of the biopsies analyzed.
Inflammatory cells: CD16 ϩ and CD68 ϩ cells. Infiltration of CD68 ϩ or CD16 ϩ cells into myofibers was not observed in any of the biopsies. CD16 and CD68 staining images are shown in Fig. 4 . The , and when walking down stairs (C). Soreness was measured after eccentric exercise (Ex) during a MVC (A), when pressing with a probe on the vastus lateralis muscle (B), and when walking down stairs (C). Soreness was rated on a visual analog scale (VAS; from 1 to 10, where 1 ϭ no pain and 10 ϭ extremely painful). No block, unblocked leg; NSAID, leg infused with a nonsteroidal anti-inflammatory drug (indomethacin). Data are presented as means Ϯ SE; n ϭ 8 subjects. Significant differences from the prevalue are shown (*P Ͻ 0.05 and **P Ͻ 0.01). There were no significant differences between the two legs at any time point.
number of CD16 ϩ cells per muscle fiber was not significantly changed after either exercise or the NSAID (P ϭ 0.14; Table 3 ). Likewise, the number of CD68 ϩ cells per muscle fiber was not significantly different between the treatments (P ϭ 0.14; Table 3 ).
Central nuclei. The percentage of fibers with one or more centrally located nuclei is shown in Table 3 . There were no significant changes over time or differences between legs.
eMHC. Fibers with positive staining for eMHC were rare and were found only in three of the biopsies analyzed (all on day 8, 1 "no block" leg and 2 NSAID legs), ranging from 1 to 55 fibers positive for eMHC. Positive fibers were always situated near the edge of the biopsies. As shown in Fig. 5 , fibers with positive staining for eMHC often also showed NCAM ϩ staining in the cytoplasm of the fiber.
DISCUSSION
Satellite Cells
The main new finding in this study was that an NSAID infusion for 7.5 h during the exercise day resulted in a reduced number of satellite cells 8 days after exercise. This is in line with the findings of Mackey et al. (25) and points to a negative ϩ cells expressed per number of myonuclei (in %) in muscle biopsies (vastus lateralis muscles) obtained before (pre) and 8 days after maximal eccentric exercise (no block and NSAID) from the vastus lateralis muscle. Both legs performed the exercise; in one leg, the NSAID was infused during the exercise day (NSAID leg). Data are means Ϯ SE; n ϭ 5 complete sets. B: immunohistochemical staining with the use of Pax7 antibody to identify satellite cells on a muscle cross-section (7 m) taken 8 days after exercise. For illustration, the area shown is relatively densely populated with satellite cells. Bottom image shows two of the satellite cells at higher magnification. Scale bar ϭ 50 m. influence of NSAIDs on satellite cell proliferation after exercise in human skeletal muscle. These data also support animal and cell culture studies investigating the role of prostaglandins in muscle regeneration (8, 9, 18, 26, 30, 36, 37) .
Although pointing in the same direction, these two studies in humans elucidate different aspects of this effect: in the present study, subjects performed maximal unaccustomed, eccentric exercise with both legs with an NSAID infusion in one leg only during the exercise day, whereas Mackey et al. (25) studied running in two groups of endurance-trained athletes that received either systemic NSAID treatment or placebo during the entire study period. Thus, it seems that NSAIDs may exert their negative effect both when applied/infused locally for short periods and when consumed for a longer period (12 days). The results from our study suggest that NSAIDs negatively affect satellite cell proliferation during 8 days after eccentric exercise even though the infusion was done only in the hours during and after exercise. More specifically, blockade of prostaglandin synthesis only in the hours during and after hard physical work blocks some of the pathways that are necessary for satellite cell proliferation. The same nonselective COX inhibitor indomethacin was used in both studies, and, accordingly, no suggestions of the importance of the different COX isoforms can be made. The dosage of indomethacin in the present study was 45 mg administered locally (6 mg/h during 7.5 h ϭ 45 mg) compared with the daily dose of 100 mg administered orally in Mackey et al. (25) . It is difficult to determine whether these doses are comparable; however, the prostaglandin levels obtained by our local blockade during exercise [300 -500 pg/ml (27) ] are comparable with levels obtained by the ingestion of 100 mg indomethacin/day [equal to the dose used by Mackey et al. (25) ] in a previous study by Boushel et al. (10) (400 pg/ml). The drug concentration in the blood was not measured; however, any systemic effect of the block is assumed to be minimal since the concentration of PGE 2 in the unblocked leg was markedly higher than in the NSAID leg (4-to 5-fold), as has been described by Mikkelsen et al. (27) .
Our results also correspond with evidence from animal and cell culture studies showing that NSAIDs negatively affect satellite cell activation, proliferation, differentiation, and fusion (8, 9, 26, 36, 38) . Our results further add to the understanding of whether and how the animal data also apply to humans. The observed effect of the NSAID is probably not directly on satellite cells but possibly via several different factors affected by NSAIDs. First, the prostaglandin level may influence satellite cells, as has been shown primarily in animal and cell studies, but several other growth factors and cytokines may also be affected.
In a recent human study by Paulsen et al. (32), a COX-2 inhibitor had no effect on the satellite cell number after a single bout of eccentric exercise with the elbow flexors, which is in contrast to our findings using a nonselective COX inhibitor. This may point to some basal level of prostaglandins being necessary for satellite cell proliferation, and, when only the COX-2 enzyme is inhibited, maybe COX-1 (or other isoforms) produce sufficient levels of prostaglandins. However, this would be in contrast to animal studies showing that, specifically, the COX-2 pathway is essential in satellite cell activity (8, 9) and hypertrophy (28) .
The long-term effects of NSAID consumption on satellite cells have not been investigated in humans, but the effects of ibuprofen on hypertrophy and strength was evaluated in a recent study by Krentz et al. (20) . They found no effect of a moderate dose (400 mg/day) of ibuprofen on the muscle hypertrophy response to 6 wk of training. However, this dose was considerably lower than the high-ibuprofen doses used in other studies [e.g., 1,200 mg/day (39)]. A comparison of indomethacin (used in our study) with ibuprofen is difficult, but 100 mg indomethacin/day may be similar to 1,200 mg ibuprofen/day, since this is the recommended daily dosage (www.medicin.dk) and both are half of the maximal daily allowance (200 mg indomethacin/day and 2,400 mg ibuprofen/day). We consider the infused dose in our study to be higher than the 400 mg ibuprofen/day used by Krentz et al. (20) .
Previously, an increase in the satellite cell number after a single bout of eccentric exercise has been consistently shown at different time points ranging from 1 to 8 days after exercise ( Table 1 ). In the present study, increases in satellite cell numbers on day 8 after exercise in the unblocked leg ranging from 21% to 96% were observed, but, surprisingly, only the number of Pax7 ϩ cells when expressed relative to fiber number was significantly higher than baseline (96% increase). The nonsignificant results in some of our satellite cell data is likely be due to the small sample size, since some of the subjects had one or two missing values and only complete sets of biopsies were analyzed. As shown in Table 1 , the satellite cell response to a single bout of exercise observed in different human studies is highly variable. The differences between studies are primarily due to sampling at different time points. Two previous studies (13, 14) also sampled on day 8 after exercise, and both showed Ͼ100% increase in the satellite cell number per myonuclei. This discrepancy may result from differences in the exercise protocols and training status of the subjects. The study by Crameri et al. (13) used the same exercise protocol as used in the present study; however, subjects were untrained, as opposed to this study with well-trained subjects. The 27% increase in NCAM ϩ cells (per myonuclei, P Ͻ 0.05) found by Mackey et al. (25) corresponds with our 22% increase, although the increase was nonsignificant in the present study. All data from the previous studies shown in Table 1 were obtained with the use of NCAM to identify satellite cells, but in the study by Crameri et al. (13) Pax7 was also used. However, the increase in the number of Pax7 ϩ cells was not significant on day 8 (13) , which is in conflict with our Pax7 data. In summary, the inconsistent increases in satellite cell number in our study compared with the consistent increases shown in Table 1 illustrate the variability in immunohistochemical analyses, and is seen even though the exercise stimulus in our study was comparable with that of other studies, based on similar (or even larger) force reduction and soreness (13) . Thus, a consistent increase in the number of satellite cells would have been expected.
The satellite cell activation status in our baseline biopsies (0.65%) corresponds with the findings from Mackey et al. (24) of a proportion of ϳ0.5% active satellite cells in the resting state. No significant increase was observed on day 8 after exercise; however, the mean proportion of active satellite cells was ϳ3% on day 8 and thus comparable with the mean values of 1.4 -2.5% observed after 12 wk of resistance exercise (24) . Mackey et al. (24) observed a significantly increased proportion of active satellite cells (mean: 10%) 48 h after electrical stimulation, pointing toward a substantial activation of satellite cells after electrical stimulation compared with voluntary contractions. The timing indicates that the main activation of satellite cells most likely takes place before day 8, maybe around 48 h after electrically stimulated exercise. It is unknown whether peak activation would be observed at some time point before or after 48 h after exercise, and how the time course after electrical stimulation resembles that after voluntary exercise. Compared with voluntary contractions, electrical stimulation induces more damage to the myofibers and leads to higher satellite cell numbers (13) , which could influence the different proportions of activated satellite cells observed. The time course of satellite cell activation and proliferation may also differ between electrical and voluntary contraction.
The numbers of satellite cells identified by the antibody against NCAM was higher than with the Pax7 antibody. This is in line with the results from previous studies (13, 24) and would also be expected due to the different staining patterns of the two antibodies (24) , with NCAM being a glycoprotein expressed at the cell surface (cell adhesion molecule) and the transcription factor Pax7 being expressed in the nucleus. Furthermore, it might be a problem if Pax7 does not stain all satellite cells, as pointed out by Reimann et al. (34) , who showed that 2-15% of the satellite cells they identified by M-cadherin staining and location beneath the basal lamina were not Pax7 positive. However, most of their samples were from pathological muscle, making direct comparisons difficult. Recently, Lindström and Thornell (22) used a multiple-labeling method to identify satellite cells based on NCAM, Pax7, and laminin staining and observed that 94% of all satellite cells were both NCAM and Pax7 positive, although with large individual variability.
In any case, the observed patterns of the satellite cell response to NSAIDs and exercise were similar using the two antibodies on separate sections from the same biopsies, which suggests that both may be used for the identification of satellite cells, although the numbers of Pax7 ϩ cells seemed to increase more than NCAM ϩ cells 8 days after exercise (92-96% vs. 21-22% increase compared with the prelevel).
Damage, Inflammation, and Regeneration
In line with the findings of Crameri et al. (13) , no desminnegative fibers were found in any of the biopsies analyzed; thus, we think that no gross/major damage to myofibers had occurred. Infiltration of inflammatory cells (CD68 ϩ or CD16 ϩ cells) into the myofibers was not found in any of the biopsies, which is also in line with the rare observations by Crameri et al. (13) . Even though infiltration was not evident, inflammation could have been observed as a higher number of inflammatory cells associated with and surrounding myofibers, but these numbers were not significantly changed with exercise or the NSAID. This corresponds with the findings of Przybyla et al. (33) , who found no changes in the total number of macrophages (CD68 ϩ cells) after exercise. In the present study, the numbers of both CD68 ϩ cells and CD16
ϩ cells seemed to be increased on day 8 after exercise. However, this was nonsignificant despite large increases from baseline in both legs and using both CD markers (2-to 6-fold). Individual variations were large and may represent variations in the basal level or level of response between individuals or differences in timing. In some subjects, the response to exercise may be slower than in other subjects, and therefore we may sample at different relative points of their response curves. Anti-inflammatory medication was expected to reduce the number of inflammatory cells, but we found no effect on the numbers of CD68 ϩ cells; if anything, there was even a tendency toward higher numbers (CD16 ϩ cells, P ϭ 0.09) in the NSAID leg. This could indicate that NSAIDs delayed the inflammatory response to exercise and, thus, that the possible rise in inflammatory cells (CD16 ϩ cells) was over on day 8 in the unblocked leg but was still increased on day 8 after exercise in the NSAID leg.
The expression of the eMHC isoform and/or centrally located nuclei may be signs of regenerating or newly formed fibers (11) . Fibers expressing eMHC were rare; likewise, there was no significant change in the number of fibers with central nuclei after the exercise and very few fibers had central nuclei, indicating that no major regeneration occurred, which is in line with the lack of major myofiber damage. The percentages of fibers with central nuclei (0.3-0.7%) were within the range observed by Mackey et al. (25) . Although the number of fibers with one or more central nuclei was not significantly changed, it was twofold higher 8 days after exercise in the unblocked leg compared with the NSAID leg and preexercise.
Even though histological analyses showed that most likely no major myofiber damage and inflammation had occurred, subjects had very sore muscles (Fig. 1) , supporting the view that myofiber damage is not the cause of delayed onset muscle soreness (DOMS) (13) and that eccentric exercise leading to DOMS does not necessarily induce muscle fiber degeneration, necrosis, or loss of desmin staining (43) (44) (45) . All subjects had very sore muscles starting immediately after exercise and lasting 2-3 days. Soreness was back to baseline on day 8 when biopsies were analyzed for muscle damage, but we would expect that previous damage to the muscle would appear in the day 8 biopsies as signs of regeneration or that damage to the muscle would not have totally resolved on day 8. There were no differences in soreness between the legs at any time point; consequently, the infusion of the NSAID during the day of exercise did not affect muscle soreness in the days after exercise. It has to be underlined that the infusion of the NSAID was performed locally and did not include the whole muscle (27) . An analgesic effect of the NSAID during the infusion may have been expected, but this was not evident immediately after exercise. This may be because the area affected by the NSAID infusion or the dose or duration of the drug infusion was not sufficient to detect any analgesic effect. There is some support in the literature for the analgesic effects of NSAIDs after exercise when soreness is substantial. Conversely, a study (5) that reported minimal soreness did not detect any significant analgesic effects of NSAIDs.
Satellite Cell Proliferation Without Damage and Inflammation
Apparently, satellite cell proliferation (and activation) can be induced by muscle loading/contraction without damage or inflammation, which is in line with the findings of Crameri et al. (13) . This seems reasonable since satellite cells are not only needed for the regeneration of damaged muscle fibers but also for the general adaptation to muscle loading. Some of the satellite cells may not reach differentiation but instead be used to replenish the satellite cell pool, and, in this way, the muscle may use the acute exercise stimulus to be better prepared for further stimuli. Force itself may directly activate satellite cells by force transduction via integrins on the satellite cell surface. The activation/proliferation of satellite cells may also be stimulated indirectly via several different growth factors and/or cytokines likely produced within the muscle (muscle cells or the extracellular matrix).
Force
The force loss of 27% we observed immediately after exercise was within the range found in other studies testing acute force loss (isometrically) after similar eccentric exercise protocols with leg muscles (16 -54%) (6, 12, 19, 31) , although the variation between studies is large. Isometric strength was back at the prelevel 8 days after exercise, which is also in accordance with some previous studies (6, 12, 19) but not all (19, 23) .
Clinical Relevance
Given the vital role that satellite cells play in skeletal muscle adaptation, any factor that interferes with their activity could counteract the anabolic effects of exercise. The data from this study indicate that the NSAID infusion, only during the day of exercise, negatively affected satellite cell proliferation during the following 8 days. As the use of NSAIDs among athletes and rheumatic patients is normally more prolonged, the negative effects may be even larger. In the treatment of DOMS or minor injuries to relieve pain to continue training, NSAIDs may reduce the adaptation to training and thus prevent some of the beneficial effects of training. During postsurgery rehabilitation and after sports injuries, effective muscle regeneration is particularly important; thus, the potential negative effects of NSAIDs could be severe. The present results warrant caution in the use of NSAIDs during training and rehabilitation in athletes in situations when NSAIDs are not necessary. However, NSAIDs are very effective for rheumatic disease treatment, and any negative effects on satellite cell activity might not be severe enough to warrant warning against their use in patients.
Given the widespread use of NSAIDs among athletes and patients, it is clinically relevant to further elucidate the potential negative effects of these drugs on muscle adaptation, and further work is required to determine any consequence for muscle function.
Conclusions
In conclusion, our results indicate that NSAIDs may negatively affect satellite cell proliferation in human muscle after eccentric exercise, supporting the view that the COX pathway is important for satellite cell activity.
